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Fig. ©

SO1

PUSH "OUTPUT MIRROR CONTAMINATION
MEASUREMENT" BUTTON

S02

APERTURE AND BEAM-POWER MEASUREMENT
SENSOR ARE MOVED INTO LIGHT-PATH

S03

EMIT LASER BEAM AT PULSE FREQUENCY OF

1000Hz AND MEASURE HIGH THERMAL LOADING
BEAM-POWER (H)

S04

I CALCULATE DEGRADATION INDEX (D) (EQUATION 1) E:RITE.&'TSWEELUE (S)

SO5

D < DETERMINATION
CRITERION VALUE

NO

YES S06 S07
APERTURE AND BEAM-POWER MEASUREMENT DISPLAY ALARM TO INDICATE
SENSOR ARE MOVED QUT OF LIGHT-PATH THAT OUTPUT MIRROR IS
DEGRADED
S08
PERFORM CLEANING!/
REPLACEMENT OF
OUTPUT MIRROR

END
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Fig. 11

START
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Fig. 15
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1

METHOD OF MEASURING DEGRADATION
CONDITION OF OUTPUT MIRROR IN
LASER OSCILLATOR AND LASER
MACHINING APPARATUS

TECHNICAL FIELD

The present invention relates to a measurement method of
measuring a degradation condition of a partially reflecting
mirror 1n a laser oscillator and to a laser machining apparatus
therefor.

BACKGROUND ART

A laser beam emitted from a laser oscillator 1s excellent 1n
its directivity and light-focusing capability so that 1t 1s easy to
focus the laser beam into a minute spot by lenses and/or
mirrors and 1s possible to obtain high energy density. For this
reason, the laser oscillator 1s utilized widely 1n the field of
machining such as cutting, drilling, welding or thermal pro-
cessing in recent years.

The laser oscillator 1s generally constituted of one partially
reflecting mirror (hereinafter referred to as an “output mir-
ror”’) placed on 1ts side from which a laser beam 1s emitted,
and of other mirror(s) being one or a plurality of totally
reflecting mirror(s), to thereby cause oscillation on the prin-
ciple that a laser beam 1s amplified for emission by multiply
reflecting between the mirrors. When the laser oscillator 1s
used for long hours, absorption of the laser beam will occur in
the mirrors placed 1n the laser oscillator because of degrada-
tion of mirror coating layer or degradation of mirror material
itself, causing nonuniform temperature distribution within
the mirrors. The nonuniform temperature distribution results
in nonunmiform refractive index distribution, causing changes
in laser-beam properties or reduction 1n beam power of the
laser beam; therefore, 1n order to maintain machining quality,
a regular cleanup and/or replacement of the mirrors placed 1n
the laser oscillator, or so-called maintenance 1s required. In
particular, because the output mirror allows transmission of a
laser beam through 1t, the output mirror 1s, 1n comparison with
other totally reflecting mirrors, likely to cause absorption of
the laser beam and also difficult to be cooled from its back
face, allowing 1ts cooling only from 1ts lateral side, so that
nonuniform temperature distribution 1s likely to occur within
the mirror.

For this reason, 1n order to maintain the machining quality,
maintenance of the output mirror placed 1n the laser oscillator
1s conventionally performed based on a criterion time, that 1s
empirically obtained as a guide, without measuring the mirror
degradation condition.

DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

In the maintenance described above, there 1s a problem 1n
that no consideration 1s made to an individual vanability 1n
initial characteristic value of an optical component such as the
absorptance of a laser beam, and to an individual variability
that occurs 1n mirror degradation condition depending on an
operating environment, an operating condition or the like.
When mirror degradation progresses faster than a criterion
time that serves as a guide for maintenance, a reduction in
machining quality occurs before the maintenance, so that
production should be stopped and an emergency maintenance
1s then be performed. Time 1s required for the maintenance,
and furthermore, 1 arrangements for a replacement compo-
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nent and service personnel to conduct the work are delayed, a
time-period to stop the production becomes longer, resulting
in larger influence on the production line. When the mirror
degradation progresses slower than the criterion time that
serves as a guide for maintenance, the maintenance will be
performed even though the machining quality 1s still good,
resulting 1n truncating serviceable hours of the mirror, caus-
Ing 1ncrease 1n maintenance expenses.

In addition, 1 order to avoid those problems regarding the
emergency maintenance and 1ncrease 1n  maintenance
expenses described above, there 1s conventionally a case 1n
which a laser apparatus 1s used that detects the laser beam
diameter by a beam profile detector and measures quantita-
tively a degradation condition of the output mirror 1n accor-
dance with the amount of change in the diameter with respect
to 1ts operation time (for example, refer to Patent Document
1).
|Patent Document 1|
Japanese Laid-Open Patent Publication No. HO7-245437

However, 1n case of the conventional laser apparatus
described above, the beam profile detector, that 1s an expen-
stve measuring device, 1s required to detect the laser beam
diameter, resulting 1n 1increase 1n system costs. In addition, an
output-mirror degradation condition 1s measured 1n compari-
son with the laser beam diameter 1n 1ts 1nitial state, so that, 1if
there 1s an 1mitial abnormality such as degradation in the
output mirror 1n its 1mtial state, 1t 1s not possible to discover
the abnormality at the point of time. Moreover, when the laser
beam diameter 1s changed due to a determinant factor other
than output-mirror degradation, such as degradation of a laser
medium existing in the laser oscillator as a laser gas or the
like, 1t 1s not possible to distinguish the determinant factor of
the output mirror from the other factors.

The present invention has been directed at solving those
problems described above, and a first object 1s to obtain a laser
machining apparatus that 1s capable of measuring an output-
mirror degradation condition with an inexpensive and simple
configuration. A second object 1s to obtain a laser machining
apparatus that 1s capable of measuring the output-mirror deg-
radation condition and quantitatively evaluating an abnor-
mality of the output mirror in 1ts 1nitial state, without perform-
ing a comparison with the laser beam diameter 1n 1ts 1nitial
state.

Means for Solving the Problems

An evaluation device according to the present invention
comprises a beam-power measurement sensor for measuring
beam power of a laser beam emitted from a laser oscillator, an
aperture placed between the laser oscillator and the beam-
power measurement sensor for transmitting only a central
portion of the laser beam, and a control device for quantifying
a degradation condition of an output mirror, based on a mea-
surement value of the beam-power measurement sensor 1n a
predetermined thermal loading condition of the laser oscilla-
tor, whereby the evaluation of the output-mirror degradation
condition 1s performed by oscillating a laser beam with high
beam power to cause the output mirror to be 1n high thermal
loading condition, and by measuring beam power of a laser
beam transmitted through the aperture.

Eftects of the Invention

The present invention enables quantitatively evaluating the
output-mirror degradation condition with an inexpensive and
simple configuration by changing the thermal loading condi-
tion for the laser oscillator and by measuring beam power of
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the laser beam transmitted through the aperture. According to
the measurement method 1n the present invention, 1t becomes
possible by regularly measuring the output-mirror degrada-
tion condition to prevent a reduction in machining quality
before 1t otherwise happens.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram 1llustrating a configuration of a laser
machining apparatus in Embodiment 1 of the present inven-
tion;

FIG. 2 1s a diagram illustrating another configuration of the
laser machining apparatus in Embodiment 1 of the present
invention;

FIG. 3 1s a graph showing a measurement result, using a
non-degraded output mirror, on beam power of a laser beam
when 1ts pulse frequency 1s changed;

FI1G. 4 1s a graph showing a measurement result, using an
output mirror with its operation time of 4000 hours, on beam
power of a laser beam when 1ts pulse frequency 1s changed;

FI1G. 5 1s a conceptual diagram showing transmitting states
of laser beams under lightly degraded condition and severely
degraded condition of an output mirror, respectively;

FIG. 6 1s a flowchart diagram showing a method of mea-
suring an output-mirror degradation condition 1n Embodi-
ment 1 of the present invention;

FIG. 7 1s a graph showing a measurement result on beam
power of a laser beam measured by the method of measuring
an output-mirror degradation condition 1n Embodiment 1 of
the present invention;

FI1G. 8 shows a block diagram of interior of a measurement
control device of the laser machining apparatus 1n Embodi-
ment 1 of the present invention;

FIG. 9 1s a table showing amounts of focusing position
change of an output-mirror corresponding to 1ts degradation
indexes;

FIG. 10 1s a table showing focusing tolerances 1n cutting
machining for various materals;

FIG. 11 1s a flowchart diagram showing a method of mea-
suring an output-mirror degradation condition 1n Embodi-
ment 2 of the present invention;

FIG. 12 1s a graph showing beam power of a laser beam
measured or calculated by the method of measuring an out-
put-mirror degradation condition 1n Embodiment 1 of the
present invention;

FIG. 13 shows a block diagram of interior of a measure-
ment control device of a laser machining apparatus in
Embodiment 2 of the present invention;

FI1G. 14 1s a graph showing a measurement result, using an
output mirror with its operation time of 4000 hours, on beam
power of a laser beam when 1ts pulse frequency 1s changed,
with respect to various opening diameters of an aperture;

FIG. 15 1s a table showing the relationship between various
opening diameters of the aperture and degradation indexes of
an output mirror with its operation time of 4000 hours;

FIG. 16 1s a conceptual diagram outlining intensity distri-
bution of a laser beam before and after it 1s transmitted
through an aperture when an opening diameter of the aperture
1s suificiently small with respect to a laser beam diameter;

FIG. 17 1s a conceptual diagram outlining intensity distri-
bution of a laser beam belore and after 1t i1s transmitted
through an aperture when an opening diameter of the aperture
1s approximately equivalent to the laser beam diameter;

FI1G. 18 1s a diagram 1llustrating a configuration of a laser
machining apparatus in Embodiment 4 of the present inven-
tion;
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FIG. 19 1s a diagram showing a measurement result of an
output-mirror degradation condition in Embodiment 5;

FIG. 20 shows a tlowchart diagram of controlling measure-
ment of degradation condition of the output mirror in
Embodiment 5;

FIG. 21 shows a block diagram of interior of a measure-
ment control device of a laser machining apparatus in
Embodiment 5 of the present invention; and

FIG. 22 1s a diagram 1illustrating a configuration of a laser
machining apparatus in Embodiment 6 of the present inven-
tion.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L.

Embodiment 1

A method of measuring a degradation condition of an
output mirror and a laser machining apparatus in Embodi-
ment 1 of the present invention will be explained referring to
FIG. 1 through FIG. 17. FIG. 1 and FIG. 2 1llustrate the laser
machining apparatus that 1s capable of measuring degrada-
tion of the output mirror in Embodiment 1 for carrying out the
present invention. As illustrated in FI1G. 1 and FIG. 2, the laser
machining apparatus according to the embodiment includes a
laser oscillator 1 having one output mirror 2 placed on the side
from which a laser beam 1s emitted and other mirror(s) being
one or a plurality (one, 1n this embodiment) of totally reflect-
ing mirror(s) 3 to thereby constitute a resonator, a plurality of
mirrors 8, 9 and 10 for transmitting a laser beam 4 emitted
from the laser oscillator 1 toward a workpiece 12, a focusing
lens 11 for focusing the transmitted laser beam 4 onto the
workpiece 12, an X-Y table 13 to mount the workpiece 12
thereon for moving a laser-beam irradiation position at an
arbitrary position on the workpiece 12, and a machining con-
trol device 14 for controlling the operations of the laser oscil-
lator 1 and the X-Y table 13.

Moreover, in order to measure a degradation condition of
the output mirror 2, included 1n the laser machining apparatus
are a beam-power measurement sensor 6 for measuring beam
power of the laser beam emitted from the laser oscillator 1, the
aperture 5 for blocking a perimeter portion of the incident
laser beam 4 to the beam-power measurement sensor 6 so as
to allow transmission of a middle portion of the beam only, a
drive device 15 for moving the beam-power measurement
sensor 6 and the aperture 3 into or out of a laser-beam light
path, and a measurement control device 7 for controlling the
operations of the laser oscillator 1, the beam-power measure-
ment sensor 6 and the drive device 15 when the degradation of
the output mirror 2 1s measured. The beam-power measure-
ment sensor 6 and the aperture 5 are moved by the drive
device 15 and the measurement control device 7 so as to be
placed 1n the laser-beam light path of the laser machinming
apparatus as 1n FIG. 1 when the degradation condition of the
output mirror 2 1s measured, and they are placed out of the
laser-beam light path as 1in FIG. 2 when machining the work
piece 12 1s 1n progress. Here, the beam-power measurement
sensor 6 may be of a simple structure to transform heat energy
of the laser into a current or a voltage, thus it 1s not required to
be an expensive measuring device such as a CCD for mea-
suring an intensity distribution as described 1n Patent Docu-
ment 1.

Note that, 1n a specific example of an optical system con-
figuration of the laser machining apparatus according to
Embodiment 1, the distance from the laser oscillator 1 to the
aperture 5 1s 700 mm, and the distance from the aperture 5 to
the focusing lens 11 1s 1300 mm. In addition, an opening
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diameter of the aperture 5 1s set at 2.5 mm that 1s 50% of the
diameter ¢5.0 mm of the laser beam 4 emitted from the laser
oscillator 1, and the pulse width of the laser beam 4 1s set at 1
ms. The laser beam diameter 1s defined as a laser beam diam-
eter that corresponds to power of 1/e* of the pulse peak power.

Here, with respect to the laser beam 4 emitted from the
laser oscillator 1, relationships of a beam-power measure-
ment value by the beam-power measurement sensor 6 with a
changed pulse frequency, and with the presence or absence of
the aperture 5 will be explained. The pulse peak power of the
laser beam and its pulse width (1 ms) are set fixed.

FIG. 3 1s a measurement result by the beam-power mea-
surement sensor 6 on beam power of a laser beam when the
pulse frequency of the laser beam 4 1s changed 1n increments
of 100 Hz from 100 Hz to 1000 Hz, with respect to the
presence or absence ol the aperture 5. The reason for selecting
pulse frequencies from 100 Hz to 1000 Hz in the laser
machining apparatus described in the embodiment 1s that they
correspond to the minimum and the maximum 1n beam power
of the laser beam utilized for the laser machining. In particu-
lar, 1000 Hz 1s the value at which the pulse frequency cannot
be increased any more because the pulse width 1s 1 ms result-
ing in a continuous emission at 1000 Hz. In addition, beam-
power measurement of the laser beam 1s performed at the time
of having reached the state of thermal equilibrium 1n which
temperature of the output mirror will hardly change, and the
measurement 1s thus performed about 10 seconds atfter the
laser has been emitted, in the laser machining apparatus
described 1n the embodiment. Note that, the output mirror 2
utilized 1s a new one that 1s not degraded. As 1s shown 1n FIG.
3, regardless of the presence and absence of the aperture 5,
beam power of the laser beam changes 1n approximately
direct proportion to the change 1n the pulse frequency. This 1s
because the beam power of the laser beam 1s determined by
the product of one-pulse energy of the laser beam and the
pulse frequency. In addition, the perimeter portion of the laser
beam 4 1s blocked when the aperture 5 1s present, and there-
fore the beam power of the laser beam 1s decreased corre-
spondingly 1n comparison with the case in which 1t 1s absent,
but the beam power changes 1n approximately direct propor-
tion, similarly to the case when the aperture 5 1s absent.

Meanwhile, shown 1 FIG. 4, using a degraded output
mirror 2 1s a beam-power measurement result by the beam-
power measurement sensor 6 when the pulse frequency of the
laser beam 4 1s changed in increments of 100 Hz from 100 Hz
to 1000 Hz with respect to the presence or the absence of the
aperture 3. As 1s shown i FIG. 4, the measurement result
when the aperture 5 1s absent 1s approximately the same as
that of when the output mirror 2 1s not degraded as i FIG. 3.
However, 1t can be understood that the measurement result
when the aperture 5 1s present clearly differs from that 1n FIG.
3.

Hereinafter, the explanation will be made for the reasons
why the difference occurs, when the aperture 5 1s present, in
the measurement values of beam power of the laser beam
depending on the presence and absence of degradation of the
output mirror 2.

When there 1s degradation of coating layer 1n the output
mirror 2 or when there 1s degradation of mirror material 1tself,
absorption of the laser beam 4 will occur in the output mirror
2, causing nonuniform temperature distribution in the output
mirror 2. The nonuniform temperature distribution results in
nonuniform refractive mndex distribution, causing changes in
laser-beam properties or reduction in beam power of the laser
beam. In general, because degradation 1s more likely to occur
in the central portion of the output mirror 2 at which laser-
beam intensity 1s higher, and also because the output mirror 2
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1s a partially reflecting mirror that 1s difficult to be cooled
from 1ts back face, allowing 1ts cooling only from 1ts lateral
side, the temperature of the output mirror 2 1s likely to rise 1n
its middle portion, so that a refractive index of the output
mirror 2 1s likely to become larger 1n 1ts middle portion. For
this reason, the difference 1n refractive index occurs between
the perimeter portion and the middle portion of the output
mirror 2, resulting 1n a so-called thermal lens condition that
causes the laser beam to focus.

The difference in refractive index between the middle por-
tion and the perimeter portion of the output mirror 2, that 1s
due to the nonuniform temperature distribution, will be larger
proportionally depending on output-mirror degradation con-
dition or beam power of the laser beam ('This can be said as a
so-called “thermal loading condition.”) transmitted through
the output mirror, resulting 1n further focusing the laser beam.

FIG. 5 1s a diagram schematically outlining changes 1n
focusing degree of the laser beam 4 under lightly degraded
and severely degraded states in the thermal loading condition
with respect to a degraded output mirror 2a. FI1G. 5(a) shows
a case 1n which the thermal loading condition 1s light, whereas
FIG. 5(b) shows another case in which the thermal loading
condition 1s severe. When the pulse frequency 1s set at 100 Hz,
the thermal loading condition of the output mirror 2a 1s light,
so that a temperature distribution occurs very little in the
output mirror 2a, whereby there 1s a very little focusing effect
for the laser beam. For this reason, a laser beam 4a having
been transmitted through the output mirror 2a 1s kept approxi-
mately in parallel and 1s irradiated onto the aperture 5,
whereby only a laser beam 20aq transmitted through the
middle portion of the aperture is rradiated into the beam-
power measurement sensor, as shown 1n FIG. 5(a).

However, when the pulse frequency is set at 1000 Hz, the
thermal loading condition of the output mirror 2a 1s severe, so
that a steep gradient temperature distribution occurs in the
output mirror 2a, resulting in its thermal lens condition. For
this reason, a laser beam 45 transmitted through the output
mirror 2a 1s focused and 1s 1rradiated onto the aperture 5 as
shown 1n FIG. 5(b). Theretfore, the laser beam 45 1s more
focused 1n the middle portion of the aperture 5 to transmit
through the aperture 5 1n comparison with FIG. 5(a), so that
more beam power than the beam power obtained when the
pulse frequency 1s increased from 100 Hz to 1000 Hz, namely
more than ten-fold 1increase thereot 1s measured by the beam-
power measurement sensor 6.

On the other hand, because a temperature distribution
occurs very little 1n a case of a non-degraded output mirror 2
regardless of the high or low of the pulse frequency, the
condition of the laser beam becomes similar to FIG. 5(a) even
when the pulse frequency 1s set at either 100 Hz or 1000 Hz.
That 1s to say, 1n the case of the non-degraded output mirror,
a beam-power measurement value at the pulse frequency of
1000 Hz 1s approximately ten times as large as a beam-power
measurement value at the pulse frequency of 100 Hz. For this
reason, as shown 1n FIG. 4 and FIG. 3, the beam power of a
laser beam 20 transmitted through the middle portion of the
aperture 5 demonstrates little sign of the difference between
the degraded output mirror and the non-degraded output mir-
ror when the pulse frequency 1s set at 100 Hz. However, when
the pulse frequency 1s set at 1000 Hz, the beam power of the
laser beam becomes larger with the degraded output mirror
than with the non-degraded output mirror.

Note that, when the aperture 5 1s absent, whole beam power
of the laser beam 4 will be measured by the beam-power
measurement sensor 6, and therefore, regardless of whether
an occurrence of thermal lensing, there 1s no substantial dii-
terence between the beam-power measurement value with a
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non-degraded output mirror and that with a degraded output
mirror as shown 1n FIG. 3 and FIG. 4. Namely, although a
laser-beam intensity distribution varies due to the occurrence
of thermal lensing, 1t can be said that whole beam power of the
laser beam varies very little. Although there 1s, as a matter of
course, slight absorption of the laser beam 1n the degraded
output mirror 2, 1ts amount 1s very little, so that it 1s difficult
to apply the absorption to determine the output-mirror deg-
radation.

As described above, the present invention relates to the
finding that, depending on a output-mirror degradation level,
beam power of the laser beam transmitting through the aper-
ture that allows transmission 1n 1ts middle portion demon-
strates significant change when the thermal loading condition
in the output mirror 1s severe, and 1s provided by utilizing this
finding to the output-mirror degradation determination.

Next, specific operations will be explained regarding how
output-mirror degradation conditions are measured based on
the way described above, 1n the laser machiming apparatus
according to Embodiment 1. FIG. 6 1s a control tlowchart of
the measurement control device 7 when measurement of a
degradation condition of the output mirror 2 1s performed. In
addition, FIG. 7 1s a diagram showing beam power values of
the laser beam 1n the graph that are measured and/or stored in
the control flow. Moreover, FIG. 8 1s an internal block dia-
gram for implementing degradation measurement processing
by the measurement control device 7. The following measure-
ment values as will be explained below are the values
obtained using the output mirror 2 with no degradation that
has been used for measuring the data shown 1n FIG. 3, and the
values obtained using the output mirror 2 having 4000 hours
of 1ts operation time that has been used for measuring the data
shown 1n FIG. 4. Hereinatter, the explanation will be made
referring to FIG. 6, FIG. 7 and FIG. 8.

Before measuring output-mirror degradation condition,
beam-power measurement of a laser beam 1s firstly performed
with the output mirror 1n the initial state, in coincidence with
replacement timing of the output mirror or the like. The
measurement 1s performed by emitting a laser beam with high
beam power at a pulse frequency of 1000 Hz and with a pulse
width of 1 ms. This 1s because the measurement 1s performed
under the condition 1n which thermal loading 1s severe 1n the
output mirror 2 that 1s not in the degraded condition. The
measured beam power of the laser beam 1s stored 1n a second
memory unit 101 of the measurement control device 7 as a
beam-power criterion value (S). Here, the beam-power crite-
rion value (S) that 1s measured and stored 1s given as 14.7 W
(which 1s indicated by the point “[_I” in FIG. 7).

And then, when an output-mirror degradation condition 1s
required to be measured, the operator first pushes an “Output
Mirror Contamination Measurement” button (S01) to start
the measurement. As a matter of course, the measurement
operation may be performed automatically at a time when the
laser apparatus starts up, or the measurement operation may
be performed by writing measurement instructions into a
machining program.

Next, the drive device 135 1s operated by a control unit 102
ol the measurement control device 7 so that the aperture 5 and
the beam-power measurement sensor 6 are moved into a
laser-beam light path (502).

Next, the control unit 102 of the measurement control
device 7 instructs the machining control device 14 to emit a
laser beam with high beam power at a pulse frequency of 1000
Hz with a pulse width of 1 ms, whereby a desired laser beam
1s emitted. This 1s to replicate the condition 1n which thermal
loading 1s severe in the output mirror 2. And then, beam power
of the laser beam 1s measured by the beam-power measure-
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ment sensor 6, so that the measurement data 1s sent 1nto a
processing unit 103 of the measurement control device 7
(S03). The measured beam power of the laser beam 1s here-
inafter referred to as “high thermal loading beam-power (H).”
Here, the measured high thermal loading beam-power (H) 1s
given as 25.0 W (which 1s indicated by the mark “A” 1n FIG.
7).

Next, in the processing unit 103 of the measurement con-
trol device 7, an output-mirror degradation condition 1s deter-
mined (S04). While a determinant indicator for the output-
mirror degradation condition may be come up with various
ways, here used as the determinant indicator 1s a ratio to what
extent beam power of the laser beam 1s increased with respect
to the beam-power criterion value (S). The determinant indi-
cator for the output-mirror degradation condition (hereinatter
referred to as a “degradation index (D)) can be determined
by the following calculation expression.

D(%)=(H-S5)x100 (Equation 1)

The output-mirror degradation index becomes 70.1% 1n
accordance with Equation 1.

A comparison unit 104 of the measurement control device
7 compares the obtained output-mirror degradation index
with a determination criterion value separately stored in a first
memory unit 105 within the measurement control device 7, so
that the output mirror 1s determined to be in a utilizable
degradation condition if the output-mirror degradation index
1s smaller than the determination criterion value. On the other
hand, i1 the output-mirror degradation index 1s larger than the
determination criterion value, the output mirror 1s determined
to be degraded 1n the degree it 1s not utilizable (S05).

When the output mirror 2 1s determined to be 1n the utiliz-
able condition at Step S03, the control unit 102 of the mea-
surement control device 7 makes the drive device 13 operate
so that the aperture 5 and the beam-power measurement sen-
sor 6 are moved out of the laser-beam light path (506).
According to this manner, the contamination measurement of
the output mirror 1s completed, and a usual machining work 1s
performed.

On the other hand, when the output mirror 2 1s determined
at Step S05 to be degraded and not utilizable, the control unit
102 of the measurement control device 7 displays an alarm or
the like by an alarm display unit 106 so as to notity the
operator that the output mirror 2 1s degraded (S07).

In response to the alarm, the operator performs cleaning or
replacement of the output mirror 2 (S08). As a matter of
course, cleaning or replacement of the output mirror 2 may be
performed by such an automatic device for its operation
installed into the laser machining apparatus so that automatic
cleaning or the like 1s performed. By completing the cleaning
or replacement of the output mirror 2, the output mirror
contamination measurement 1s completed.

Next, the explanation will be made for the procedures to set
the determination criterion value used at Step S05.

When degradation occurs 1n the output mirror 2, a focusing,
position by the focusing lens 11, a so-called laser-beam
focusing point, changes 1n accordance with the degradation
condition. The amounts of focusing position change of the
output mirror 2 corresponding to 1ts degradation condition are
shown 1n FIG. 9. The values shown 1n FI1G. 9 are indicative of
the differences between focusing positions with the minimum
beam power namely at a pulse frequency of 100 Hz and
focusing positions with the maximum beam power namely at
apulse frequency of 1000 Hz 1n the laser machining apparatus
according to Embodiment 1. These values may be determined
by performing actual machining, or by simulation. FIG. 9 1s
determined by simulation. In addition, because these values
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vary depending on optical component placement, an aperture
position and a useful range of laser beam power 1n the laser
machining apparatus, 1t 1s preferable to calculate them for the
cach laser machining apparatus. In the case of the laser
machining apparatus according to Embodiment 1, referring
to FI1G. 9, the focusing position changes by about 11 mm at
the maximum depending on the thermal loading condition,
tor the output mirror at 4000 hours of its operation time where
the output-mirror degradation index 1s 70.1%.

Here, F1G. 10 shows focusing tolerances of cases in which
cutting machining 1s performed for various materials by the
laser machining apparatus according to Embodiment 1. The
focusing tolerance designates an allowable range of a focus-
ing position at which stable cutting can be performed even 1f
the focusing position varies from the material surface. It can
be understood that, when the output-mirror degradation index
1s 70.1% (the amount of focusing position change 1s about 11
mm), it 1s not possible to perform a stable cutting machinming,
for any of the materials of stainless steel, 1rron and aluminum.
On the contrary, 1t can be understood from FIG. 9 that, 1n
order to perform the stable cutting machining for all of the
materials of stainless steel, iron and aluminum, the amount of
focusing position change should be equal to or less than 3
mm, and therefore the output-mirror degradation index
should be equal to or less than 35%. That 1s, 1t 1s adequate that
the determination criterion value be set at 35%. Therefore, by
acquiring data corresponding to FIG. 9 and FIG. 10 for each
laser machining apparatus, a determination criterion value
can be determined 1n accordance with the material of work-
piece. Note that, the values shown 1n FIG. 10 are values for
one example of the laser machining apparatus according to
Embodiment 1, which may vary depending on a configuration
of the laser machining apparatus; therefore, 1t 1s preferable to
calculate them for each laser machining apparatus.

According to the manner described above, the output-mir-
ror degradation condition has been quantitatively evaluated
with an inexpensive and simple configuration by changing the
thermal loading condition of the output mirror on pulse ire-
quency basis, and by measuring beam power of the laser beam
transmitted through the aperture.

Note that, in Embodiment 1 described above, the aperture
5 and the beam-power measurement sensor 6 are automati-
cally moved into or out of the laser-beam light path by means
of the drive device 15; however, as a matter of course, the
operator may manually move them into or out of the path as
the occasion demands.

In addition, 1n Embodiment 1 described above, the mea-
surement 1s performed at 1000 Hz that 1s the maximum pulse
frequency 1n regard to the pulse width of 1 ms so as to
replicate the condition 1n which thermal loading of the output
mirror 1s severe; however, it 1s not required to perform at the
maximum, but the measurement may adequately be per-
tormed with the beam power as high as possible. As a matter
of course, it 1s needless to say from FIG. 4 that, when the
measurement 1s performed with the maximum beam power,
the difference 1n beam power that depends on the degradation
level of the output mirror becomes more significant, so that
the accuracy of the measurement 1s enhanced.

Moreover, in Embodiment 1, the output-mirror degrada-
tion condition 1s determined based on the degradation index
(D) obtained in accordance with Equation 1; however, it may
be determined by using, for example, a simple difference
corresponding to what extent the measured high thermal
loading beam-power (H) 1s increased 1n beam power from the
beam-power criterion value (S), and thus the point is to apply
the high thermal loading beam-power (H) as a subject matter
used for the determination.
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Note that, it 1s important that an optical component causing
thermal lensing 1s not placed between the output mirror 2 and

the aperture 5. This 1s because, if there exists such an optical
component causing the thermal lensing therebetween, there 1s
a possibility that the high thermal loading beam-power (H)
may change even though the output lens 1s not degraded, so
that degradation determination cannot be performed accu-
rately. Therefore, when the degradation condition of the out-
put mirror 2 1s to be determined, 1t 1s preferable to place the
aperture 5 and the beam-power measurement sensor 6
directly downstream of the laser oscillator 1.

Embodiment 2

By the way, 1n case of the laser machining apparatus 1n
Embodiment 1, beam power of the laser beam 1s measured at
the pulse frequency of 1000 Hz with respect to the output
mirror immediately after the replacement, with the presump-
tion that the mirror condition 1s a non-degraded condition,
whereby the measurement value 1s stored as the beam-power
criterion value (S). This does not particularly arise a problem
in usual times; however, when there exists an initial abnor-
mality such as degradation in the output mirror, there 1s a
possibility that the beam-power criterion value (S) becomes
inaccurate. Alternatively, 1t 1s presumable to arise a problem
that the degradation measurement cannot be performed
because the measurement of the initial state has not been
performed. Hence, i order to resolve those problems
described above, a laser machining apparatus in Embodiment
2 1s capable of determining a beam-power criterion value (S)
at the time when degradation of the output mirror 1s mea-
sured, mstead of determining it by the measurement of the
output mirror 1n 1ts 1nitial state. The configuration of the laser
machining apparatus 1s approximately similar to that in FIGS.
1 and 2 of Embodiment 1, provided that the operations of the
measurement control device 7 differ therefrom.

The reasons why the beam-power criterion value (S) can be
obtained at the time when degradation of the output mirror 1s
measured are as follows.

Attention 1s given to the point that the pulse frequency and
beam power are approximately proportional to each other
with a non-degraded output mirror regardless of the presence
and absence of the aperture as shown 1n FIG. 3, and to the
point that the beam power 1s almost the same at the pulse
frequency of 100 Hz regardless of the degradation level of the
output mirror as shown in FIG. 3 and FIG. 4. Accordingly, by
measuring beam power of the laser beam under low thermal
loading condition at the pulse frequency of 100 Hz when the
degradation 1s measured, and then by assuming the measure-
ment value as that for a non-degraded output mirror, the beam
power at 1000 Hz for the non-degraded output mirror i1s
calculated using a proportionality equation, and the calcu-
lated result can thus be defined as the beam-power criterion
value (S).

Next, the operations of the laser machining apparatus
according to Embodiment 2 will be explained based on the
reasoning described above. FIG. 11 1s a control flowchart of a
measurement control device 7a when degradation condition
measurement of the output mirror 2 1s performed. The same
step numbers designate the same controls as those in the
flowchart of FIG. 6 in Embodiment 1. In addition, FIG. 12 1s
a diagram showing beam power values of the laser beam 1n
the graph that are measured or calculated during the control
flow. Moreover, FIG. 13 1s an 1nternal block diagram of the
measurement control device 7a for implementing degrada-
tion measurement processing according to Embodiment 2.
The following measurement values as will be explained
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below are the values obtained using the output mirror 2 hav-
ing 4000 hours of 1ts operation time that has been used for
measuring the data shown in FIG. 4. Hereinatter, the expla-
nation will be made referring to F1G. 11, FIG. 12 and FI1G. 13.

Firstly, 1n a similar manner to FIG. 6 1n Embodiment 1,
Step S01 and Step S02 are executed, so that preparation for

the degradation condition measurement 1s performed.

Next, a control unit 102a of the measurement control
device 7a 1nstructs, after completing movement of the aper-
ture 5 and the beam-power measurement sensor 6, the
machining control device 14 to emit a laser beam with low
beam power at a pulse frequency of 100 Hz with a pulse width
of 1 ms, whereby a desired laser beam 1s emitted. This 1s
because a lightly loaded thermal loading condition 1s to be
replicated in the output mirror 2. And then, beam power of the
laser beam 1s measured by the beam-power measurement
sensor 6, so that the measurement data 1s sent into a criterion-
value calculation unit 203 of the measurement control device
7a (S11). The measured beam power of the laser beam 1s
hereinafter referred to as “low thermal loading beam-power
(L).” Here, the measured low thermal loading beam-power
(L) 1s given as 1.5 W (which 1s indicated by the point “[_]” 1n
FIG. 12).

Next, the criterion-value calculation unit 203 1n the mea-
surement control device 7a determines a beam-power crite-
rion value (S) at a pulse frequency of 1000 Hz, based on the
measured low thermal loading beam-power (L) (S12). As
described above, assuming the measurement value at Step
S11 as that for a non-degraded output mirror, the beam power
at 1000 Hz 1s calculated using a proportionality equation.
Consequently, the beam-power criterion value (S) can be
determined by the following calculation expression.

S=Lx1000 Hz+100 Hz (Equation 2)

In accordance with Equation 2, the beam-power criterion
value (S) becomes 15.0 W (which is indicated by the mark *“c™
in FI1G. 12, and the straight line i FIG. 12 1s the proportional
straight line). This value 1s approximately the same as the
beam-power criterion value 14.7 W obtained using the mea-
surement method in Embodiment 1, indicating that the beam
power at 1000 Hz for the non-degraded output mirror 1s
accurately calculated by Equation 2.

Next, in a sitmilar manner to FIG. 6 in Embodiment 1, Step
S03 1s executed. Namely, a laser beam with high beam power
1s emitted at a pulse frequency of 1000 Hz with a pulse width
of 1 ms, whereby the condition in which thermal loading 1s
severe 1s replicated 1n the output mirror 2. And then, beam
power ol the laser beam 1s measured by the beam-power
measurement sensor 6, so that the measurement data 1s sent
into the processing unit 103 of the measurement control
device 7a. In a similar manner to FIG. 7 in Embodiment 1, the
measured high thermal loading beam-power (H) 1s given as
25.0 W (which 1s indicated by the mark “A” 1n FIG. 12).

Next, 1n the processing unit 103 of the measurement con-
trol device 7a, an output-mirror degradation condition 1s
determined (S13). At Step S04 1n FIG. 6 in Embodiment 1, the
degradation index (D) 1s determined using the beam-power
criterion value stored in the memory unit; however, 1n
Embodiment 2, the degradation index (D) 1s determined using
the beam-power criterion value (S) calculated at Step S12. As
the calculation expression for the degradation index (D),
Equation 1 1s used similarly to the manner as set forth 1n the
embodiment. From Equation 1, the output-mirror degrada-
tion 1index becomes 66.7%. Thus, approximately the same
value as the degradation index 70.1% obtained using the
measurement method 1n Embodiment 1 has been obtained.
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And thereafter, as similar to FIG. 6 in Fmbodiment 1, the
degradation measurement ends after Step S05 through Step
S06, or the measurement ends after Step S05 through Steps
S07 and S08.

With the operations described above, the laser machining
apparatus according to Embodiment 2 requires slightly more
time for the measurement, 1n comparison with the laser
machining apparatus according to Embodiment 1, because
the low thermal loading beam-power (L) 1s necessary to be
measured at the time when the degradation 1s measured. How-
ever, without measuring beam power of the laser beam 1n the
initial state of the output mirror, the beam-power criterion
value can be determined at the time when the degradation
condition 1s measured, so that there 1s an advantage in that the
degradation condition measurement can be performed
regardless of the degradation level of the output mirror 1n its
initial state. In addition, on the basis of this feature, 1t 1s also
possible to determine whether or not there 1s degradation in
the output mirror 1n 1ts 1nitial state.

By the way, the aperture utilized for the degradation mea-
surement 1 any one of Embodiment 1 and 1n Embodiment 1,
has its openming diameter being set at $2.5 mm that 15 50% of
the laser beam diameter ¢5.0 mm for measuring the degrada-
tion condition of the output mirror 2. However, because 1t has
been made clear by experiment that there exists an appropri-
ate range for the opening diameter of the aperture S, the
optimization 1n the opening diameter of the aperture will be
explained as follows.

FIG. 14 1s a graph showing a measurement result on a
relationship between pulse frequencies of a laser beam and
beam power using the aperture when 1ts opening diameter 1s
changed in increments of 0.5 mm from ¢1.5 mm to ¢4.5 mm.
Note that, the utilized output mirror 1s under the same degra-
dation condition of 66.7% as the one 1n FIG. 4. In addition,
FIG. 15 1s based on the measurement result in FIG. 14 and
describes correspondingly for each aperture: beam power of
the laser beam at a pulse frequency of 1000 Hz (namely, high
thermal loading beam-power (H)); a beam-power criterion
value (S) at a pulse frequency of 1000 Hz determined by
Equation 2 from beam power of the laser beam at a pulse
frequency of 100 Hz (namely, low thermal loading beam-
power (L)); and an output mirror degradation index (D) deter-
mined by Equation 1 using the high thermal loading beam-
power (F) and the beam-power criterion value (S). Referring
to FIG. 14, such tendency can be observed that, when an
opening diameter of the aperture 1s large, the pulse frequency
and the beam power are 1n a proportional relationship, and
that the smaller the opening diameter 1s, the larger the dis-
placement from the proportional relationship becomes. In
addition, referring to FIG. 15, such tendency can be observed
that the larger an opening diameter of the aperture, the more
the measurement result of degradatlon indexes are neared to
0.0%, and that the smaller the opening diameter of the aper-
ture, the more the degradation indexes are neared to 70.0%.

This 1s due to the following reasons.

FIG. 16 1s a diagram outlining intensity distribution of a
laser beam before and after 1t 1s transmitted through an aper-
ture Sa when the opening diameter of the aperture Sa 1s
suificiently small with respect to the laser beam diameter.
FIG. 16(a) 1s a diagram when a thermal loading condition 1s
light with respect to a degraded output mirror, and FI1G. 16(b)
1s a diagram when the thermal loading condition 1s severe
thereto so that the laser beam 45 1s focused by a thermal lens
cifect. When the opening diameter of the aperture 5a 1s sul-
ficiently smaller than the laser beam diameter, only the
middle portion of the laser beam 4 is transmitted through the
aperture as shown in FIG. 16, so that the change 1n the laser
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beam diameter caused by a thermal loading condition 1s likely
to influence the beam-power measurement result. Namely,
this 1s because, the intensity distribution of the laser beam 4 1s
more strengthened 1n 1ts middle portion 1n the case of severely
loaded thermal loading condition as shown 1n FIG. 16(b) than
the case of lightly loaded thermal loading condition as shown
in FIG. 16(a), whereby the ratio of the laser beam 20 trans-
mitting through the aperture 5a increases.

Meanwhile, FIG. 17 1s a diagram outlining intensity distri-
bution of a laser beam before and after it 1s transmitted
through an aperture 56 when the opening diameter of the
aperture 55 1s approximately equivalent to the laser beam
diameter. Similarly to FIG. 16, FIG. 17(a) 1s a diagram when
a thermal loading condition 1s light, and FIG. 17(b) 1s a
diagram when the thermal loading condition 1s severe so that
the laser beam 456 1s focused by a thermal lens effect. When
the diameter of the aperture 556 1s not suiliciently smaller than
the laser beam diameter, namely when the opening diameter
of the aperture 56 and the laser beam diameter become com-
parable to each other as shown 1n FIG. 17(a), a large portion
of the laser beam 4a 1s transmitted through the aperture 35 at
the time ol measurement with the pulse frequency of 100 Hz
providing a lightly loaded thermal loading condition. For this
reason, even 1f the diameter of the laser beam 45 1s smaller at
the pulse frequency of 1000 Hz providing a severely loaded
thermal loading condition as shown 1n FIG. 17(d), a large
portion of the laser beam 454 1s transmitted through the aper-
ture 56 even when a laser-beam intensity distribution
changes, so that the change i1s not likely to influence the
beam-power measurement result. This 1s because the condi-
tion here 1s said to be approximately the same as the afore-
mentioned condition where the aperture 1s absent.

In order to accurately determine the output-mirror degra-
dation condition, 1t 1s suitable that the change 1n the laser
beam diameter largely influences on the beam-power mea-
surement result. From the result in FIG. 15, such tendency can
be observed that, when the aperture diameter 1s equal to or
less than 60% (equal to or less than ¢3.0 mm) of the laser
beam diameter, the output-mirror degradation 1ndex 1s satu-
rated at about 70%; therefore, 1t 1s preferable to make the
aperture diameter equal to or less than 60% of the laser beam
diameter. However, 11 the opening diameter of the aperture 1s
made much too small, a beam-power measurement value may
become too small, whereby a measurement error becomes
relatively larger, so that it1s preferable to select an appropnate
opening diameter taking into consideration the accuracy of
the beam-power measurement sensor.

According to the present invention, because the 1nitial state
measurement of the output mirror is not required for the
output-mirror degradation condition determination, 1t also
becomes possible to determine, for example, whether or not
there 1s degradation 1n the output mirror 1n its mnitial state. In
addition, the degradation condition can be determined more
accurately by optimizing the opening diameter of the aperture
utilized for the measurement.

Note that, in Embodiment 2 described above, the measure-
ment 1s performed at the maximum pulse frequency of 1000
Hz so as to replicate a severely loaded thermal loading con-
dition of the output mirror; however, similarly to Embodi-
ment 1, 1t 1s not required to perform at the maximum, but the
measurement may adequately be performed with the beam
power as high as possible. As a matter of course, it 1s prefer-
able to perform the measurement with the maximum beam
power from a viewpoint ol enhancing the accuracy of the
measurement. In addition, the measurement 1s performed at
100 Hz that 1s the mimimum pulse frequency so as to replicate
a lightly loaded thermal loading condition of the output mir-
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ror; however, 1t 1s not required to perform at the minimum, but
the measurement may adequately be performed with the

beam power as low as possible. As a matter of course, 1t 1s
clear from FIG. 3 and FIG. 4 that, when the measurement 1s
performed with the minimum beam power, values closer to
the beam power of the laser beam with a non-degraded output
mirror can be obtained, so that a more accurate beam-power
criterion value (S) can be obtained.

In addition, in Embodiment 2 or 1n the preceding Embodi-
ment 1, the aperture 5 1s only used for the degradation deter-
mination measurement of the output mirror 2. Meanwhile,
like a laser machining apparatus for machining printed wiring
boards, there 1s also a laser machining apparatus that already
includes an aperture 1n 1ts optical axis for machining. In such
a machining apparatus, if an opening diameter of the aperture
for machining 1s within the appropriate range described
above, namely 1t 1s equal to or less than 60% of the laser beam
diameter, and 11 the aperture position is appropriate, namely
there 1s no optical component causing thermal lensing
between the laser oscillator and the aperture, this aperture
may be used for the degradation determination measurement
of the output mirror 2. In this case, a configuration may be
adopted 1 such a manner that, while the aperture 1s remained
fixed, only a beam-power measurement sensor that measures
beam power of a laser beam transmitted through the aperture
1s moved onto or out of the optical axis of the laser beam. In
such a configuration, 1t 1s not necessary to separately provide
the aperture, so that the output-mirror degradation condition
can be measured with a more mexpensive and simpler con-
figuration.

Embodiment 3

In Embodiment 1 and in Embodiment 2 described above,
the thermal loading condition of the output mirror 1s changed
by the pulse frequency of the laser beam. This 1s because there
are many cases that a laser machining apparatus for machin-
ing, for example, printed wiring boards or the like, performs
machining by controlling the pulse frequency of the laser
beam. However, the output-mirror degradation condition
measurement of the present invention 1s made enable 1t a
thermal loading condition of the output mirror can be
changed, so that similar effects can be obtained 1f the thermal
loading condition can be changed by anything other than the
change 1n the pulse frequency.

For example, the beam power may be measured with the
pulse frequency fixed at 100 Hz by changing the pulse width
from 1 ms to 10 ms. If the pulse peak power 1s the same as 1n
the case of measurement 1n FI1G. 12 for example, exactly the
same value placed at the mark “[ 17 1n FIG. 12 1s obtained
when the pulse frequency 1s 100 Hz and the pulse width 1s 1
ms; 1n addition, when the pulse frequency 1s 100 Hz and the
pulse width 1s 10 ms, resulting 1n continuous oscillation, the
same value placed at the mark “A” 1n FIG. 12 1s obtained.

Moreover, in another configuration, the pulse peak power
may be changed provided that the pulse frequency and the
pulse width are fixed. For example, with the pulse frequency
being set at 100 Hz with 1ts pulse width 1 ms, the same value
as the one placed at the mark “A” 1n FIG. 12 15 obtained when
beam power of the laser beam 1s measured with 1ts pulse peak
power that 1s ten times as large as the pulse peak power with
which the mark “[ " in FIG. 12 1s measured.

As described above, 1n order to change the thermal loading
condition of the output mirror, it 1s suitable to change the
pulse frequency, the pulse width or the pulse peak power,
thereby achieving similar effects to those in Embodiment 1
and Embodiment 2. Whether any one of the parameters such
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as a pulse frequency is to be changed 1s appropriately and
selectively determined 1n accordance with specifications of
the laser oscillator that 1s included 1n the laser machining
apparatus. As a matter of course, a plurality of parameters
among those parameters may be changed 1n combination. In
order to send instructions to the machining control device 14
so as to change the selected parameter(s), 1t 1s suitable that the
control unit 102 of the measurement control device 7a be
appropriately modified.

Note that, in Embodiment 1 and Embodiment 2 described
above, the explanation 1s made for the laser oscillator of pulse
oscillation as an example; however, when a laser oscillator of
continuous oscillation 1nstead of the pulse oscillation 1s uti-
lized, similar effects can be obtained by changing only the
beam power of the laser beam. Namely, by oscillating the
laser beam with low beam power, 1t 1s possible to set the
output mirror 1n a condition under low thermal loading, and
by oscillating the laser beam with high beam power, 1t 1s
possible to set the output mirror 1n a condition under high
thermal loading, so that the values placed at the mark “[ | and
at the mark “A” in FI1G. 12 can be measured. Accordingly, the
output-mirror degradation condition can be determined simi-
larly to the manners as set forth in Embodiment 2. As a matter
of course, when beam power of the laser beam 1n the condi-
tion under high thermal loading 1s measured 1n the 1nitial state

of the output mirror, the determination can also be performed
similarly to Embodiment 1.

Embodiment 4

In the laser machining apparatus in Embodiment 1 and
Embodiment 2, the aperture 5 and the beam-power measure-
ment sensor 6 are moved 1nto or out of the laser-beam light
path as the occasion demands. Hence, time for moving and
removing the aperture 5 or the like, and little time for its
position adjustment or the like are required. In a laser machin-
ing apparatus according to Embodiment 4, degradation con-
dition measurement of an output mirror can be performed
without requiring the moving and removing work for the
aperture 5 or the like.

FI1G. 18 1llustrates the laser machining apparatus capable of
measuring degradation of the output mirror in Embodiment 4
for carrying out the present invention. The same reference
numerals and symbols designate the same 1tems as those
illustrated 1n FIG. 1 and FIG. 2. As illustrated 1n FIG. 18, a
partially reflecting-type mirror 30 is placed 1n a light path of
the laser beam 4 emitted from the laser oscillator 1. And then,
by placing the aperture 5 and the beam-power measurement
sensor 6 1n a light path of a partially retlected laser beam 31,
beam-power measurement of the laser beam passed through
the aperture 5 becomes enabled, to thereby make 1t possible to
measure degradation of the output mirror in a similar manner
and a similar processing to that in Embodiment 1 or Embodi-
ment 2.

According to the laser machining apparatus 1n Embodi-
ment 4, it becomes possible to eliminate the movement of the
beam-power measurement sensor 6 and the aperture 5 that 1s
depending on whether the degradation condition 1s to be
measured or not, and therefore the beam power can be mea-
sured 1n real time even though beam power of the laser beam
arriving at the workpiece 12 1s reduced in comparison with
Embodiment 1 and Embodiment 2, so that 1t 1s no more
required to measure the degradation level taking time and
cifort 1in a measurement operation mode, resulting 1in time
saving. For example, 1 machining 1s performed with a low
beam power and also performed with a high beam power
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under actual machining, it 1s possible to measure the output-
mirror degradation condition by measuring beam power of
the respective laser beams.

Embodiment 5

In the laser machining apparatus according to Embodiment
1 and Embodiment 2, 1t 1s so configured that the operator 1s
notified by an alarm or the like when the output mirror 1s
determined to be degraded, so as to perform replacement or
cleaning of the output mirror. A laser machining apparatus
according to Embodiment 5 can preliminarily notily the
operator that timing for replacement or the like 1s approach-
ing, before the output mirror 1s degraded so that 1ts replace-
ment or the like 1s required. The configuration of the laser
machining apparatus according to Embodiment 5 1s approxi-
mately similar to that in FIG. 1 and FIG. 2 of Embodiment 1,
provided that the operations of a measurement control device
7b differ therefrom.

FIG. 19 shows a measurement result with respect to an
output-mirror degradation condition when only cutting
machining has been continued for stainless steel. The output-
mirror degradation condition measurement has been per-
formed once a day on a regular basis before starting the
cutting machining, using the degradation measurement
method according to Embodiment 2. In addition, the focusing
tolerance 1n the cutting machining for stainless steel 1s 6 mm
as referred to 1n FIG. 10, and an output-mirror degradation
condition at which the amount of focusing position change
becomes 6 mm 1s at the degradation index 50% as referred to
in FIG. 9; therefore, a determination criterion for an output-
mirror degradation index 1s set at the degradation index 50%.
Here, 1n order to perform preparation for output mirror main-
tenance before the degree reaching the determination-crite-
rion degradation index 50%, the degradation index 45% being
slightly lowered, as a degradation determination standard,
than the determination criterion, 1s set as a warning criterion,
as shown in FIG. 19, whereby a message 1s preliminarily
produced.

Next, the operations of the laser machining apparatus
according to Embodiment 5 will be specifically explained.
FIG. 20 1s a control flowchart of the measurement control
device 7b when the degradation condition measurement of
the output mirror 2 1s performed. The same step numbers
designate the same controls in the flowchart of FIG. 6 1n
Embodiment 1 or in the flowchart of FIG. 11 in Embodiment
2. In addition, FIG. 21 1s an internal block diagram of the
measurement control device 7b for implementing degrada-
tion measurement processing according to Embodiment 5.
Herematter, the explanation will be made referring to FIGS.
19, 20 and 21.

Firstly, Step S01 through Step S13 are executed 1n a similar
manner to FIG. 6 in Embodiment 1, or Step S01 through Step
S04 are executed 1n a similar manner to FIG. 11 1n Embodi-
ment 2, so that the output-mirror degradation imndex 1s deter-
mined.

After having obtained the degradation index, a comparison
umt 204 of the measurement control device 756 compares the
obtained output-mirror degradation index with a warning cri-
terion value (45% 1n FIG. 19) separately stored 1n a third
memory unit 205 within the measurement control device 75,
to thereby determine that maintenance timing for the output
mirror 1s approaching when the output-mirror degradation
index 1s larger than the warning criterion value. On the other
hand, when the output-mirror degradation index 1s smaller
than the warning criterion value, it 1s determined that main-
tenance timing for the output mirror 1s still further away.




US 8,461,470 B2

17

At Step S21, when determined that the maintenance timing
for the output mirror 2 1s still further away, the control unit

102 of the measurement control device 76 makes the drive
device 15 operate so that the aperture 5 and the beam-power
measurement sensor 6 are moved from within the laser-beam
light path to the outside of the light path (S06). Accordingly,
the output mirror contamination measurement 1s completed,
so that usual machining work 1s performed.

On the other hand, when degradation of the output mirror 2
proceeds so that 1t 1s determined at Step S21 that the mainte-
nance timing 1s approaching, the comparison unit 204 of the
measurement control device 75 then compares the obtained
output-mirror degradation index with the determination cri-
terion value (350% 1n FIG. 19) separately stored in the first
memory unit 105 within the measurement control device 75
(S05).

At Step S05, when the output-mirror degradation index 1s
smaller than the determination criterion value, it 1S not nec-
essary to replace the output mirror, so that, in order to notity
the operator that maintenance timing for the output mirror 1s
approaching, the control unit 102 of the measurement control
device 7b displays a caution message by the alarm display
unit 106 (S22). And then, the measurement ends after execut-
ing Step S06. On the other hand, it the output-mirror degra-
dation index 1s larger than the determination criterion value, 1t
1s determined that replacement of the output mirror 1is
required, so that Steps S07 and S08 are executed and there-
alter the measurement ends.

With the operations in the laser machining apparatus
according to Embodiment 5 as described above, what 1is
worked by the operator 1n the course of the output-mirror
condition under degradation in FIG. 19, for example, 1s as
follows. When the output-mirror degradation condition
reached at the degradation index 45% at 2300 hours of the
operation time, and the message that maintenance timing for
the output mirror was approaching was outputted, the opera-
tor prepared to secure a new output mirror and a maintenance
worker. When the output-mirror degradation condition
reached at the degradation index 50% at 2400 hours of the
operation time, meaning that maintenance timing for the out-
put mirror had arrived, the operator performed the mainte-
nance.

According to the manner described above in the laser
machining apparatus in Embodiment 5, because a warning,
criterion, as a degradation determination standard, being
slightly lowered than the output-mirror degradation index, 1s
set 1n the output-mirror degradation condition measurement
separately from the output-mirror degradation index, 1t 1s
possible to preliminarily perform preparation for output mir-
ror maintenance. Accordingly, 1t becomes possible to reduce
a time loss 1n the output mirror maintenance. Moreover, by
regularly measuring the output-mirror degradation condition,
it becomes possible to prevent a reduction 1n machining qual-
ity before 1t otherwise happens in the cutting machining.

Embodiment 6

In the laser machining apparatus according to Embodiment
1 and Embodiment 2, the explanation has been focused to the
degradation condition measurement of the output mirror
within the laser oscillator; however, the output-mirror degra-
dation measurement method according to the present mven-
tion can be adapted to measure degradation condition of an
optical component that transmits a laser beam 1n an optical
system outside of the laser oscillator.

FI1G. 22 1llustrates a laser machining apparatus in Embodi-
ment 6 for carrying out the present invention. As illustrated in
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FIG. 22, an optical component 25 such as a lens that transmits
a laser beam 1s provided in a light path of the laser beam 4
emitted from the laser oscillator 1. In order to measure the
degradation condition of the optical component 25, placed
immediately downstream of the optical component 25 are the
aperture 5 that transmits only a middle portion of the laser
beam having been transmitted through the optical compo-
nent, and the beam-power measurement sensor 6 for measur-
ing beam power of the laser beam having been transmitted
through the aperture 5. What 1s similar to the manner in
Embodiment 1 or Embodiment 2 1s that the aperture 3 and the
beam-power measurement sensor 6 are moved out of the
laser-beam light path except when the degradation measure-
ment of the optical component 1s under way.

With the configuration taken as shown in FIG. 22, the
degradation condition of the optical component 25 can be
quantitatively determined by measuring beam power of the
laser beam transmitted through the aperture 5, followed by
processing to calculate the degradation index, as similar to
FIG. 6 in Embodiment 1 or to FIG. 11 in Embodiment 2.

However, 1t 1s required that, in the laser-beam light path, no
degraded optical component be placed on a side of the laser
oscillator from the optical component 25 that 1s a measuring
object. This 1s because, when the output mirror 2 1s degraded
for example, a laser-beam intensity distribution 1s changed 1n
the beam power because of the output mirror 2, so that 1t
becomes not possible to distinguish whether the optical com-
ponent 25 that 1s the measuring object 1s degraded or not.
Consequently, 1n the first place, 1t 1s necessary to confirm the
degradation condition of optical components that transmait the
laser beam, in sequence from the side nearer to the laser
oscillator 1.

INDUSTRIAL APPLICABILITY

The method of determining degradation of an output mir-
ror 1n a laser oscillator, and the laser machining apparatus
according to the present mvention can inexpensively and
simply measure an output-mirror degradation condition. In
particular, 1t 1s easy to apply 1n a laser machining apparatus
that includes an aperture for machining, for example, 1n the
laser machining apparatus for printed wiring boards.

What 1s claimed 1s:

1. A laser machining apparatus, comprising;:

a laser oscillator for emitting a laser beam:;

an aperture, placed 1n a light path of the laser beam emitted
from the laser oscillator, for blocking a perimeter por-
tion of the laser beam and for transmitting a middle
portion thereof;

a beam-power measurement means for measuring beam
power of a laser beam transmitted through the aperture;
and

a control means for determining a degradation condition of
an output mirror in the laser oscillator, based on the
beam power value measured by the beam-power mea-
surement means when the laser beam 1s emitted with
predetermined beam power,

wherein the predetermined beam power 1s a beam power
with a level at which a thermal lens effect occurs when
the output mirror 1s degraded, and

wherein the control means determines the degradation con-
dition output at the predetermined beam power based on
comparing the beam power measured by the beam-
power measurement means with a criterion value.

2. The laser machining apparatus as set forth 1n claim 1,

wherein the predetermined beam power 1s high beam power.



US 8,461,470 B2

19

3. The laser machining apparatus as set forth 1n claim 2,
wherein:

the control means comprises a memory unit for storing, as

the criterion value, a beam power value of the laser beam
emitted with the high beam power separately measured
by the beam-power measurement means using a non-
degraded output mirror, and

the control means determines the degradation condition of

the output mirror 1n the laser oscillator by comparing the
criterion value stored 1n the memory unit with the beam
power value measured by the beam power measurement
means when the laser beam 1s emitted with the predeter-
mined beam power.

4. The laser machining apparatus as set forth 1n claim 2,
wherein the predetermined beam power further includes low
beam power with a level at which a thermal lens effect does
not occur when the output mirror 1s degraded.

5. The laser machining apparatus as set forth in claim 4,
wherein

the control means includes

a calculation unit for calculating, based on a beam power

value measured by the beam-power measurement means
with the laser beam emitted at the low beam power, a
beam power value that 1s expected to be measured by the
beam-power measurement means 1n the case with the
laser beam emitted at the high beam power, using a
proportionality equation, whereby

the control means determines the degradation condition of

the output mirror in the laser oscillator by setting the
calculated beam power value in the calculation unit as
the criterion value, and by comparing the criterion value
with the beam power value measured by the beam-
power measurement means with the laser beam emitted
at the high beam power.

6. The laser machining apparatus as set forth 1n claim 1,
wherein an opening diameter of the aperture 1s equal to or less
than sixty percent of a diameter of the laser beam.

7. The laser machining apparatus as set forth in claim 1,
wherein

when the laser oscillator emits a pulsed laser beam,

at least one value of a pulse frequency, a pulse width and

pulse peak power of the laser beam 1s changed so as to
change beam power thereof at a time when the beam
power of the laser beam 1s measured for determining the
degradation condition of the output mirror in the laser
oscillator.

8. The laser machining apparatus as set forth in claim 1,
wherein

when the laser oscillator emits a continuous laser beam,

beam power of the laser beam 1s changed at a time when the

beam power of the laser beam 1s measured for determin-
ing the degradation condition of the output mirror in the
laser oscillator.

9. The laser machining apparatus as set forth 1n claim 1,
turther comprising a means for introducing the aperture and
the beam-power measurement means into a light path of the
laser beam emitted from the laser oscillator at a time when the
degradation condition of the output mirror 1s measured, and
for removing them from the light path when laser machining
1s performed.

10. The laser machining apparatus as set forth in claim 1,
wherein the aperture 1s also used when laser machining 1s
performed.

11. The laser machining apparatus as set forth in claim 1,
wherein no optical component causing thermal lensing 1s
placed 1n a light path of the laser beam between the laser
oscillator and the aperture.
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12. The laser machining apparatus as set forth in claim 1,
wherein

the control means comprises

a determination criterion value for determining that the
output mirror 1s degraded, and a warning criterion value
defined lower than the determination criterion value, for
determining that degradation timing for the output mir-
ror 1s approaching.

13. A laser machining apparatus, comprising:

a laser oscillator for emitting a laser beam:;

an optical component, placed 1n a light path of the laser
beam that 1s emitted from the laser oscillator, for trans-
mitting the laser beam;

an aperture, placed 1n a light path of the laser beam trans-
mitted through the optical component, for blocking a
perimeter portion of the laser beam and for transmitting
a middle portion thereof;

a beam-power measurement means for measuring beam
power of a laser beam transmitted through the aperture;
and

a control means for determining a degradation condition of
the optical component, based on the beam power value
measured by the beam-power measurement means when
the laser beam 1s emitted with a predetermined beam
pPOWE,

wherein the predetermined beam power 1s a beam power
with a level at which a thermal lens effect occurs when
the optical component 1s degraded, and

wherein the control means determines the degradation con-
dition output at the predetermined beam power based on
comparing the beam power measured by the beam-
power measurement means with a criterion value.

14. The laser machiming apparatus as set forth 1n claim 13,

wherein the predetermined beam power 1s high beam power.

15. The laser machiming apparatus as set forth 1n claim 14,
wherein the control means includes a memory unit for stor-
ing, as the criterion value, beam power value separately mea-
sured by the beam-power measurement means using a non-
degraded optical component with the laser beam emitted at
the high beam power, and

wherein the control means determines the degradation con-
dition of the optical component by comparing the crite-
rion value stored in the memory unit with the measured
beam power value.

16. The laser machiming apparatus as set forth 1n claim 14,
wherein the predetermined beam power further includes low
beam power with a level at which a thermal lens effect does
not occur when the optical component 1s degraded.

17. The laser machiming apparatus as set forth 1n claim 16,
wherein

the control means includes

a calculation unit for calculating, based on a beam power
value measured by the beam-power measurement means
with the laser beam emitted at the low beam power, a

beam power value that 1s expected to be measured by the

beam-power measurement means 1n the case with the

laser beam emitted at the high beam power, using a
proportionality equation, whereby

the control means determines the degradation condition of
the optical component by setting the calculated beam
power value 1n the calculation unit as a criterion value,
and by comparing the criterion value with the beam
power value measured by the beam-power measurement
means with the laser beam emitted at the high beam
POWEY.

18. A method of determining degradation of an output

mirror 1n a laser oscillator, comprising the steps of:
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emitting a laser beam having high beam power with a level
at which a thermal lens effect occurs 1n a degraded
output mirror in the laser oscillator;

measuring a beam power value of the laser beam emitted at

the high beam power and transmitted through an aper-
ture, placed 1n a light path of the laser beam, for blocking
a perimeter portion of the laser beam and for transmit-
ting a middle portion thereof; and

determining a degradation condition of the output mirror in

the laser oscillator, based on a criterion value and the
measured beam power value.
19. The method of determining degradation of an output
mirror 1n a laser oscillator as set forth in claim 18, wherein the
criterion value 1s provided by the steps of measuring, using a
non-degraded output mirror 1n the laser oscillator, the beam
power value of the laser beam emaitted at the high beam power
and transmitted through the aperture, and storing the mea-
sured beam power value as the criterion value.
20. A method of determining degradation of an output
mirror 1n a laser oscillator, comprising the steps of:
emitting a laser beam having low beam power with a level
at which a thermal lens effect does not occur in a
degraded output mirror 1n the laser oscillator;

measuring a beam power value of the laser beam emitted at
the low beam power and transmitted through an aperture
that 1s placed 1n a light path of the laser beam so as to
block a perimeter portion of the laser beam and to trans-
mit a middle portion thereof;

emitting a laser beam having high beam power with a level

at which a thermal lens effect occurs in the degraded
output mirror in the laser oscillator;

measuring a beam power value of the laser beam emitted at

the high beam power and transmitted through the aper-
ture;

calculating, based on the measured beam power value

when the laser beam with the low beam power 1s emitted,
a beam power value when the laser beam with the high
beam power 1s emitted using a non-degraded output
mirror 1n the laser oscillator, using a proportionality
equation; and
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determiming a degradation condition of the output mirror,
based on the calculated beam power value and the mea-
sured beam power value when the laser beam 1s emitted
with the high beam power.

21. A laser machining apparatus, comprising:

a laser oscillator for emitting a laser beam:;

an aperture, placed in a light path of the laser beam ematted
from the laser oscillator, for blocking a perimeter por-
tion of the laser beam and for transmitting a middle
portion thereof;

a beam-power measurement means for measuring beam
power of a laser beam transmitted through the aperture;

a control means for determining a degradation condition of
an output mirror 1n the laser oscillator, based on the
beam power value measured by the beam-power mea-
surement means when the laser beam 1s emitted with
predetermined beam power; and

a machining control device which controls the laser oscil-
lator based on the degradation condition determined by
the control means.

22. A laser machining apparatus, comprising;:

a laser oscillator for emitting a laser beam;

an aperture, placed 1n a light path of the laser beam ematted
from the laser oscillator, for blocking a perimeter por-
tion of the laser beam and for transmitting a middle
portion thereof;

a beam-power measurement means for measuring beam
power of a laser beam transmitted through the aperture;

a control means for determining a degradation condition of
an output mirror 1n the laser oscillator, based on the
beam power value measured by the beam-power mea-
surement means when the laser beam 1s emitted with
predetermined beam power; and

a means for introducing the aperture and the beam-power
measurement means into a light path of the laser beam
emitted from the laser oscillator at a time when the
degradation condition of the output mirror 1s measured,
and for removing them from the light path when laser
machining 1s performed.
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